The conductive polythiophene/chitosan/carboxymethylchitosan (PTH/CS/CMCS) hydrogel were prepared in this study. Polythiophene was synthesized via oxidative polymerization in chloroform at 40 ºC. For CMCS synthesis, CS was alkalized with sodium hydroxide in isopropanol and then reacted with monochloroacetic acid at 50 o C. The synthesized PTh and CMCS were mixed with CS by solution blending, glutaraldehyde crosslink agent was added and then the conductive hydrogel films were casted. The effects of CS/CMCS ratio, glutaraldehyde concentration, electric field strength and PTh particle addition on conductive hydrogel properties; morphology, crystallinity, thermal stability, tensile strength and electroactive performances were investigated. The results show that the CS/CMCS hydrogel responses well to an applied DC electric field by bend towards electrode, in which the bending angle increases with the increase of electric field strength. The crosslinked CS/CMCS hydrogel shows better response than uncrosslinked hydrogel. Moreover, the conductive PTh/CS/CMCS hydrogel shows lower electroactive performances than the CS/CMCS due to its higher weight and rigidity.
Introduction
Artificial muscles are materials which undergo change in shape and size or produce motion in response to external stimulus such as temperature, pH, electrical potential, light, etc. owing to the enormous range of possibilities in medical applications, robotics, aeronautical and naval applications [1] . In the recent, various types of electroactive polymers (EAPs); materials that change their shape or size in response to electrical stimuli, like dielectric elastomers, shape memory alloys, carbon nanotubes, conductive polymers, ionic polymer metal composite (IPMC), polymer gels, etc., have been proposed by the scientific community for the purpose of developing electrically driven artificial muscles [2 5 ] because of their capable of producing large strains, fast response, and high efficiency [1] .
Conductive polymer (CPs) is alternative to produce for actuators instead of a metallic material. The conductive polymers have many advantages over other material such as low cost, relatively simple fabrication, light weight and combine the mechanical properties (flexibility, toughness, elasticity, malleability, etc.) of plastics with high electrical conductivities [6, 7] . One of the major drawbacks of CPs is their poor mechanical strength. Efforts have been taken to improve the processability and mechanical strength of CPs by making composites, hybrid materials and inter-penetrating networks with other polymers [8] [9] [10] . Hydrogels are another promising candidate for designing artificial muscles and sensors, as they are capable of producing large volume and shape changes due to their wide range of responses against different chemical and electrical stimuli, their biocompatibility and their potential to be used as implantable artificial muscles [11, 12] .
In this study, we are interested to develop conductive polythiophene-based electroactive actuator by hybridizing the polythiophene with chitosan/carboxymethylchitosan (CS/CMCS) hydrogels leading to improved mechanical stability and flexibility. The properties and electroactive performances; bending response under electric field of the conductive polythiophene/hydrogel are investigated in terms of CS:CMCS volume ratio, crosslink agent concentration, polythiophene addition and electric field strength.
Experimental

Materials
Thiophene (AR, Fluka, USA) was used as the monomer. Iron (III) chloride anhydrous, FeCl 3 (AR, Acros organics and Ajax Finechem, Australia) was used as an oxidant. Chitosan, CS (Ta Ming Enterprises Co., Ltd., Thailand) was used as reactant and hydrogel matrix. Glutaraldehyde, GA (AR, Aldrich, Singapore) was used as crosslinking agents. Chloroform (AR, labscan Asia, Thailand), methanol (AR, J.T. baker), ethanol (AR, Carlo Erba, Italy), isopropanol (AR, Carlo Erba, Italy), acetic acid (AR, Carlo Erba, Italy), monochloroacetic acid (AR, Rankem, India) and sodium hydroxide (AR, Carlo Erba, Italy), were used as received.
Synthesis of Polythiophene PTh
Polythiophene was synthesized via chemical oxidative polymerization [13] . 145 g of FeCl 3 anhydrous was added to 800 ml of chloroform and the mixture was stirred in a 3-necked round bottom flask and heat at 40 °C with silicon oil basin. 24.60 g of thiophene monomer (C 4 H 2 S) was added to 100 ml of chloroform in a separatory funnel. The thiophene monomer solution was added dropwise to the FeCl 3 anhydrous solution with continuous stirring at room temperature for 3 hours. After all the thiophene monomer solution was added, the reaction mixture was continuity stirred at 40 °C for 9.5 hours and the reaction mixture temperature was decreased to room temperature. After that, 800 ml of methanol was added to the reaction mixture and stirred for 1.5 hour in order to stop the reaction. Polythiophene particles were filtered using Buchner suction funnel and dried in vacuum oven at 27 °C for 24 hours.
Synthesis of Carboxymethylchitosan CMCS
CMCS was prepared [14] by dissolve 10 g CS and 13.5 g sodium hydroxide in mixture of 80 mL isopropanol and 20 mL deionized water. The mixture flask was placed into 50 °C water bath and first let CS swell and alkalize for 1 hour. Then the mixture solution of 15 g monochloroacetic acid and 20 ml isopropanol was added dropwise into the reaction mixture and reacted for 4 hours. The reaction was stopped by adding 200 ml 70% ethyl alcohol into the reaction mixture. The solid in the flask was filtered and rinsed in 70% ethanol to desalt and dewater, and vacuum dried at room temperature to yield the product, sodium salt of CMCS.
Preparation of CS/CMCS and PTh/CS/CMCS hydrogels
CS was dissolved in 2% (v/v) acetic acid aqueous solution to obtain a 2% CS solution (polythiophene particles were added in CS solution in case of PTh/CS/CMCS hydrogel preparation and CMCS was dissolved in deionized water to make a 2% CMCS aqueous solution. Then CMCS solution were added dropwise into CS solution at 60 °C under continuity stirring. Glutaraldehyde was added into the solution under stirring for 2 hours in order to crosslink the films. Afterthat, the mixture was poured into a polystyrene dish and dried at room temperature. Finally, the dried films were immersed into 0.5% (w/w) NaOH aqueous solution to remove the remaining acetic acid, and then washed repeatedly with deionized water.
Characterization of Hydrogels
The chemical structures of CS/CMCS and PTh/CS/CMCS hydrogels were examined by FTIR spectrometer (Spectrum RX I, Perkin-Elmer). Wide-angle X-ray diffraction, XRD measurements were performed with a range between 10° and 90° at 2°/min step size and time per step of 5 sec. The morphology of the hydrogels was observed using a scanning electron microscope, SEM (Jeol, JSM 5910LV) at 15 kV.
The thermal stability of the hydrogels was investigated using thermogravimetry, TGA (Rigaku, TG 8120). Samples of about 10 mg were loaded into an alumina pan and then heated from 25 to 500 °C at a heating rate of 20 °C/min. All measurements were conducted under nitrogen atmosphere.
Electroactive Proformances Measurement
The electroactive performances of CS/CMCS and PTh/CS/CMCS hydrogels were investigated in the way of the bending response test under an applied electric field using the experimental set-up as shown in Fig. 1 . The effects of CS:CMCS volume ratio, glutaraldehyde crosslink agent concentration, electric field strength and polythiophene addition were studied.
The conductive hydrogel films were immersed vertically in a silicon oil (viscosity = 100 cSt) bath, with a DC electric field applied horizontally between two parallel flat copper electrodes. DC electric field was applied with various strengths in the range of 0-100 V/mm. The amount of deflection at a specified field strength is defined by the geometrical parameter from the following equation;
(1) Fig. 1 . Schematic diagram of the apparatus used to observe the bending response [15] .
Results and Discussion
Characteristics of CS/CMCS and PTh/CS/CMCS Hydrogels
FTIR spectrum of the CS/CMCS hydrogel showed the -NH 3 + characteristic absorption band in CS and the -COO -characteristic absorption band in CMCS combined to a new adsorption band in CS/CMCS hydrogel film at 1579-1593 cm -1 , indicating the intermolecular interaction between CS and CMCS. While FTIR spectrum of the PTh/CS/CMCS hydrogel showed additional characteristic absorption band of thiophene ring at 1736 cm -1 . The crystalline structure of the CS/CMCS and PTh/CS/CMCS hydrogels were characterized by wideangle X-ray diffractions as shown in Fig. 2 . The pure CS exhibited 21º which are typical fingerprints of semi-crystalline chitosan [16] . CS/CMCS hydrogel showed less crystallinity than the pure CS, suggesting that intermolecular interaction between CS and CMCS macromolecular chains destroys the original crystalline structures of CS. The crystallinity of the hydrogel degreased with increasing of CS:CMCS volume ratio and also with polythiophene addition.
Scanning electron micrographs of CS/CMCS hydrogel film in Fig. 3(a) showed the uniform surface and there was no obvious macrophase separation. With addition of polythiophene, PTh particles found to disperse well in PTh/CS/CMCS hydrogel as shown in Fig. 3(b) .
The thermal stability of CS/CMCS hydrogel was investigated by TGA and is shown in Fig. 4 . The CMCS and CS/CMCS hydrogel exhibited better thermal stability than CS. While the addition of polythiophene particles resulted in slightly decrease of thermal stability of the conductive hydrogel. 
Electroactive Proformances of Hydrogels
The electroactive performances of CS/CMCS and PTh/CS/CMCS hydrogels were investigated in the way of the bending response test under an applied electric field. It was found that under applied electric field, the hydrogels response well to the electric field with suddenly bend toward cathode electrode. The bending behavior of hydrogel under the electric field occurred by the polarization of amino group of chitosan to the NH 3 + -group which is pulled to anode side. This makes the hydrogel swells on the anode side and shrinks on the cathode side and it thereby bends toward the cathode side.
Effects of CS:CMCS volume ratio
The CS/CMCS hydrogels with various CS:CMCS volume ratio (without crosslinking) were prepared and bending response under 100 V/mm electric field was determined (Fig. 5) . It was found that the CS/CMCS hydrogels response well to the electric field with suddenly bend toward electrode. The bending angle of hydrogels without crosslinking was limited at about 50 degree because of many of amino groups in CS and CMCS form hydrogen bonds within themselves or between CS and CMCS in the CS/CMCS polymer network, so the free amino groups that are responsible for the electrical sensitivity are actually limited [1] . 
Effects of crosslink agent concentration
The electroactive response under 100 V/mm electric field of the 3:2 CS/CMCS hydrogels with various GA crosslink concentrations is shown in Fig. 6 . The crosslinked CS/CMCS hydrogels bend toward electrode with the bending angle in the range of 70-80 degree which higher than uncrosslinked hydrogel. Because glutaraldehyde can break the hydrogen bonds to some extent and increase the number of free amino groups [16] , thus enhancing the electrical sensitivity to obtain a large equilibrium bending angle. The maximum bending sensitivity was found in the 2% GA crosslinked hydrogel and the response seem to be limited when GA concentraion higer than 2% wt. due to higher rigidity of hydrogels. 
Effects of electric field strength
The electroactive response of the 3:2 CS/CMCS hydrogel with 2% wt. GA under various electric field strengths was investigated. The hydrogel films have higher bending response and bending angle as the field strength increase as shown in Fig. 7 and Fig. 8 , respectively. However, the bending response of CS/CMCS hydrogel can be investigated under electric field strength less than 100 V/mm. Because the end of hydrogel film contact to the electrode and reach the equilibrium angle when the electric field strength is higher than 100 V/mm. 
Comparison of CS/CMCS hydrogel with PTh/CS/CMCS hydrogel
To study the effect of polythiophene addition, 5% wt. PTh particles was added in 2% wt. GA crosslinked 3:2 CS/CMCS hydrogel. Fig. 9 clearly shows that under the same electric field strengths, CS/CMCS hydrogel exhibits better bending angle response than PTh/CS/CMCS hydrogel due to higher rigidity of hydrogel with PTh addition. It is suggesting that more flexible hydrogel is also favorable to increase its electrical sensitivity. 
Conclusion
The electroactive performances of the conductive polythiophene/chitosan/carboxymethylchitosan hydrogel were investigated. The hydrogels were prepared by solution blending of CS, CMCS and PTh. Glutaraldehyde crosslink agent was added and then the conductive hydrogel films were casted. The electroactive performances of hydrogels were determined in the way of bending response under DC electric field. The hydrogels responded well to electric field by bend towards electrode, in which the bending angle increases with the increase of electric field strength. The 2% wt. GA crosslinked 3:2 CS/CMCS hydrogel exhibited highest electric field response sensitivity. Moreover, the conductive PTh/CS/CMCS hydrogel had lower electroactive performances than the CS/CMCS due to its higher weight and rigidity.
